Magnetofluorescent nanoparticles (MFNPs) have recently attracted significant research interests due to their potential applications in biological manipulation and imaging. In this work, through a simple and fast self-assembling process, we first report the preparation of zwitterionic MFNPs (ZW-MFNPs) in the form of micelles using our newly synthesized zwitterionic amphiphiles, CuInS 2 /ZnS quantum dots, and MnFe 2 O 4 magnetic nanoparticles. ZW-MFNPs integrate both MnFe 2 O 4 magnetic nanoparticles and CuInS 2 /ZnS quantum dots in their hydrophobic cores and zwitterionic groups such as carboxybetaine and sulfobetaine on their hydrophilic shells. ZW-MFNPs possess dual imaging properties, high (Mn + Fe) recovery, excellent stability in aqueous solutions with a wide pH/ionic-strength range and physiological media, minimal cytotoxicity, and specific targeting to brain tumor cells after bioconjugation with chlorotoxin. The unique characteristics of ZW-MFNPs may open an avenue for these particles to be employed in broad biomedical applications.
INTRODUCTION
Magnetofluorescent nanoparticles (MFNPs) enabling simultaneous fluorescence labeling and magnetic field assisted separation, sorting, heating or imaging are gaining momentum for biomedical applications at the cellular, tissue or anatomical levels. [1] [2] [3] [4] For this reason, many research approaches have been reported on the controlled synthesis of MFNPs regarding their size, shape, composite and surface properties. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Among them, MFNPs in the form of micelles self-assembled from amphiphilic polymers and hydrophobic magnetic nanoparticles (MNPs) and quantum dots (QDs) are very attractive. [15] [16] [17] [18] [19] [20] They provide a unique core-shell structure where the 4 To date, most of the current zwitterion-coating approaches have been developed for individual cadmium-based QDs or AuNPs. 23, [28] [29] [30] [31] [32] [33] [34] These approaches mainly involve the coupling of zwitterions with thiol ligands such as dihydrolipoic acid. These coupled ligands are further exchanged with native hydrophobic ligands (trioctylphosphine oxide) to form zwitterionic QDs through the high binding affinity of thiols to Zn or Au atoms on QD or AuNP surface. Although successful, the zwitterion coupled thiol ligands are not applicable to the preparation of MFNPs integrating both MNPs and QDs. Instead, wrapping MNPs and QDs using zwitterionic amphiphiles is a better approach to prepare ZW-MFNPs. For this purpose, the synthesis of zwitterionic amphiphiles is critical. The amphiphiles are expected to have not only zwitterions but also functional heads such as carboxyl groups for subsequent bioconjugation with biological moieties.
In this work, as illustrated in Figure 1 , we propose an approach for ZW-MFNP preparation by modifying poly(maleic anhydride-alt-1-octadecene) (PMAO) to zwitterionic amphiphiles.
The reason we chose PMAO is that the presence of the versatile anhydride rings on the PMAO backbone allows its structure and functionality to be tuned or modified with other functional groups. In our approach, PMAO anhydride rings are first opened by 3-(dimethylamino)-1propylamine (DMAPA) to produce terminal tertiary amines. The tertiary amines further react with β-propiolactone and 1,3-propanesultone. In the reaction, β-propiolactone is converted to carboxybetaine (CB) and 1,3-propanesultone to sulfobetaine (SB). As a result, the produced zwitterionic amphiphiles (named as PMAO-CB-SB) possess CB groups, SB groups, and hydrophobic groups on their backbones. Compared to SB, CB groups are not only zwitterions but also supply carboxyl heads for bioconjugation with conventional EDC/NHS cross-linkers.
However, in our experiments we observed that in the bio-crosslinking reaction for only CB-coated MFNPs, CB can be chemically modified by EDC/NHS, and thus lose its zwitterionic properties and stick to microtube surfaces. In the proposed polymer structure, we used a combination of CB and SB. SB groups are insensitive to regular bio-crosslinking reactions and thus keep the zwitterionic property of the amphiphiles during conjugation. Although simple carboxyl groups are presented on the polymer backbone, CB in the amphiphiles would further increase the biomolecule loading capability of MFNPs through bio-crosslinking. Moreover, CB branches are in the almost same length as SB ones and are easy to access for bioconjugation. In the fabrication of ZW-MFNPs, the PMAO-CB-SB together with hydrophobic MNPs and QDs were dissolved in organic solvents and then dispersed into water under sonication. After dispersion, organic solvents were vacuumed by rotary evaporation. In the dispersion and vacuum, hydrophobic alkyl tails in the amphiphiles interact with hydrophobic MNPs and QDs to form the stable micellar cores, and CB/SB groups are exposed to water. Of note, in our work on ZW-MFNPs, we adopted less toxic I-III-VI chalcopyrite CuInS 2 /ZnS QDs instead of cadmium-based QDs. [35] [36] [37] [38] [39] [40] [41] Moreover, the photoluminescence of CuInS 2 /ZnS QDs as shown in this work can be tuned from red to near infrared (i.e., 650 nm to 800 nm). They are appropriate for cell/tissue imaging.
In this study, we first synthesized the proposed zwitterionic amphiphiles and characterized them using Fourier transform infrared (FT-IR) spectroscopy and nuclear magnetic resonance (NMR) spectroscopy. Using the developed amphiphiles, we further prepared ZW-MFNPs and characterized these particles in terms of their composition and size, iron content recovery rates, optical properties, colloidal stability, and magnetic relaxivity in harsh conditions using transmission electron microscopy (TEM), energy-dispersive X-ray (EDX) spectroscopy, dynamic light scattering (DLS), UV-Vis spectroscopy, fluorescence spectroscopy, and magnetic 6 resonance spectroscopy. To explore and demonstrate the potential biomedical applications, we also performed cellular studies to investigate cytotoxicity of ZW-MFNPs and specific cellular binding/uptake of peptide-conjugated ZW-MFNPs by tumor cells.
EXPERIMENTAL METHODS

Materials and Apparatus
Poly(maleic anhydride-alt-1-octadecene (PMAO, average M n 30000-50000), 3- 
Cell Cytotoxicity of MFNPs
A U-87 MG human brain glioblastoma cell line was cultured (37 °C, 5% CO 2 ) on 24-well plastic plates in MEM medium with 10% FBS overnight. The human embryonic kidney cell line HEK-293 was cultured (37 °C, 5% CO 2 ) on 24-well plastic plates in RPMI-1640 medium with 10% FBS overnight. For the ZW-MFNP cytotoxicity study, cells were incubated with ZW-MFNPs in growth medium at various concentrations. After 24-hr incubation, cells were gently rinsed with DPBS and released from well bottom using stempro accutase, and then stained with FDA and PI to determine live versus dead cells. Dead cells (red staining by PI) and live cells (green staining by FDA) were counted using a BDBiosciences SORP LSR II flow cytometer.
The cell viability was calculated as the ratio of live cells over the sum of live cells and dead cells.
Tumor Cell Targeting Using Peptide Conjugated ZW-MFNPs ZW-MFNPs were conjugated with CTX via EDC/sulfo-NHS mediated reaction. Briefly, 60
µL of the collected ZW-MFNPs were reacted with 50 µg CTX with the assistance of EDC/sulfo-NHS in PBS for 2 ~ 3 hours. The CTX-conjugated ZW-MFNPs were washed using centrifuge, suspended in 250 µL PBS, and stored at 4°C before use. A U-87 MG human brain glioblastoma cell line was cultured (37 °C, 5% CO 2 ) on glass coverslip coated with gelatin in MEM medium with 10% FBS until 50 -80% confluency was achieved. The human embryonic kidney cell line HEK-293 was cultured (37 °C, 5% CO 2 ) on glass coverslip coated with PDL (poly-D-lysine) in RPMI-1640 medium with 10% FBS until 50 -80% confluency was achieved. For the ZW-MFNP tumor cell targeting study, cells were incubated with CTX conjugated ZW-MFNP in DMEM with 2% BSA at various concentrations. As control, cells were also incubated with nonconjugated ZW-MFNPs. After 2-hr incubation, cells were gently rinsed three times with PBS, fixed with 4% PFA in PBS solution for 20 minutes and washed three times with PBS. For cellular nuclei staining, cells were incubated with DAPI, washed three times with PBS, and then mounted on glass slides. Cells were imaged using a Leica confocal microscope and images were analyzed using ImageJ. The statistical significance (p < 0.05) was determined by the single-tailed student t test.
RESULTS AND DISCUSSION
The synthesis of zwitterionic amphiphilic polymer PMAO-CB-SB involved two steps. In the first step, PMAO anhydride rings were opened by the primary amine groups of DMAPA. The ring opening resulted in the presence of terminal carboxyl and tertiary amine groups on the polymer backbone. In the second step, tertiary amines reacted with β-propiolactone and 1,3propanesultone to form CB and SB groups, respectively. To avoid possible ring-opening polymerization of β-propiolactone and/or 1,3-propanesultone, 42 the second-step reaction was started in ice-bath and the total molarity of both β-propiolactone and 1,3-propanesultone was controlled to be slightly higher than that of tertiary amines ( if all anhydride rings in PMAO were opened). In this study a 1:1 ratio of them was used to demonstrate the proof of concept on PMAO-CB-SB. The synthesis is simple, and its production yield is > 80%. The synthesized PMAO derivatives were characterized by FTIR, as shown in Figure 2 . PMAO-DMAPA spectrum showed the disappearance of anhydride C=O at around 1857 cm -1 and 1776 cm -1 , and the appearance of new peaks at around 1713 cm -1 for carboxyl C=O, around 1649 cm -1 for amide C=O, and around 1560 cm -1 for amide N-H. These spectral changes indicate the addition of DMAPA to PMAO. In the spectrum of PMAO-CB-SB, the peaks from PMAO-DMAPA are represented and some new peaks at around 1175 cm -1 and 1035 cm -1 are observed. As shown in Figure S1 , the peaks at around 1175 cm -1 and 1035 cm -1 are also observed in the FTIR spectrum of amidosulfobetaine-16 (ASB-16) which is an alkyl chain with a SB head. These two peaks represent S=O in the sulfo group. The spectrum comparison and analysis indicates the formation of SB after the reaction of the tertiary amines of PMAO-DMAPA with 1,3-propanesultone. [43] [44] [45] [46] Peaks associated with CB in PMAO-CB-SB are not significant for observation, probably because the peaks for the additional carboxyl C=O from the formed CB groups in PMAO-CB-SB are overlapping with those of the existing carboxyl C=O in PMAO-DMAPA. However, a slight distortion at around 1590 cm -1 in the spectrum of PMAO-CB-SB (not marked but close to the mark line at 1560 cm -1 ) is still distinguishable. Because a significant peak at around 1590 cm -1 for N-Dodecyl-N,N-(dimethylammonio)butyrate (DDMAB), an alkyl chain with a CB head, is observed (as shown in Figure S1 ), this minor distortion at around 1590 cm -1 in the spectrum of PMAO-CB-SB may suggest the addition of CB to PMAO.
The synthesized PMAO derivatives dissolved in a mixture of CDCl 3 and CD 3 OD were further characterized using NMR. All NMR spectra were presented in Figure S2 . For all samples, the hydrophobic alkyl chain (C 18 ) of the polymer was observed at 0.80 ppm for -CH 3 Figure S3 ). We attribute this higher intensity to more accessible carboxyl groups in PMAO-CB for cross-linking.
On the basis of the synthesized PMAO-CB-SB, ZW-MFNPs integrating small MnFe 2 O 4
MNPs and CuInS 2 /ZnS QDs in the micellar cores were fabricated. MNPs and QDs are around 5 nm. In our approach in preparing CuInS 2 QDs, the QD photoluminescence can be tuned from 650 nm ~ 800 nm (refer to Figure S4 ). In this work, we prepared CuInS 2 QDs with around 720 nm photoluminescence emission, and after ZnS shell growth the CuInS 2 /ZnS QDs emit photoluminescence at around 685 nm. The fabricated ZW-MFNPs were characterized using TEM and EDXS. Figure 3 experiment steps for this colorimetry can be found in our previous work. 20 In this study, the (Mn + Fe) recovery rate for 0.6 mg MNPs input to ZW-MFNPs is as high as around 60%, as shown in Table 1 .
The photoluminescence spectrum of ZW-MFNPs is shown in Figure 4 to many reported ones. [58] [59] Please be noted that the fabricated ZW-MNPs also can be considered as excellent contrasts for MRI because of their high magnetic relaxivity and (Mn + Fe) recovery rate.
In biosensing/imaging applications, aggregation of ZW-MFNPs will cause the degradation or even loss of their physiochemical and biological functionalities. Thus ZW-MFNPs are expected to have excellent colloidal stability. The photoluminescence intensity of ZW-MFNPs dispersed in PBS-5%FBS with pH 4-9, a 1 M NaCl-5%FBS and human serum was monitored over 72 hours at 37 °C using a microplate reader, and presented in Figure 5 . The photoluminescence intensity and hence stability of these ZW-MFNPs was maintained in all these conditions. Moreover, no precipitates or significant photoluminescence intensity decreases were observed over one week at 37 °C. Stored at 4 °C, the ZW-MFNPs were also found to be stable in water at over at months ( Figure S6 ). The excellent stability of these ZW-MFNPs in these conditions especially in a solution with pH4, a solution with 1M salinity, and serum, is very attractive. CB groups and SB groups coated on the surface of ZW-MFNPs should be attributed to this stability. For cellular imaging studies, we adopted CTX as a targeting ligand. CTX is a 36-amino acid peptide that specifically binds to matrix metalloproteinase II (MMP-2) present on the surface of glioma cells with high affinity. [60] [61] The specific binding results in loss of gelatinase activity, 
